Variation within retrovirus populations has been observed since their discovery (1) . It was later noted that chicken embryo fibroblast transformants with distinct focus morphologies produce viruses that upon passage produce foci of the same characteristic morphologies. These viruses frequently mutated to produce variant foci of different focus morphology (2, 3) . The rates at which the retroviral v-mos oncogene of Moloney murine sarcoma virus and its cellular counterpart c-mos accumulated mutations were estimated as 1.31 x 10-3 substitution per site per year and 1.71 x 109 substitution per site per year, respectively (4) .
Three different polymerases are involved in retrovirus DNA synthesis. Host cell DNA polymerases replicate the provirus in each cell cycle. RNA polymerase II synthesizes the RNA genome of the next generation of virions. Virusencoded reverse transcriptase synthesizes a DNA copy of the RNA genome that integrates into the host genome as a provirus. Because at least one cellular DNA polymerase (8) possesses an exonucleolytic proofreading mechanism, cellular DNA replication exhibits low mutation rates [10-9 to [10] [11] substitution per base pair (bp) per cell division] (5), so that its contribution to the retroviral mutation rate should be negligible. However, the error rate of cellular RNA polymerase II has not been measured, and its contribution to retroviral mutation rates is unknown.
Previous in vitro measurements of reverse transcriptase mutation rates utilizing a lacZa gene assay or a mutated bacteriophage (+X174) assay range from 10-4 to 10-5 substitution per bp per cycle of polymerization (6) (7) (8) (9) (10) .
Mutation rates derived in vivo could differ from mutation rates derived in vitro because alterations in fidelity could occur as a result of alteration of polymerases during purification or of cell-free conditions of DNA synthesis. Oligonucleotide fingerprinting analysis or denaturing gradient gel analysis of replication-competent Rous sarcoma virus stocks was performed, and base substitution rates were estimated to be 3 x 10-4 per passage and 1.4 x 10-4 per bp per cycle, respectively (11, 12) . The in vivo rate of reversion of an A-to-G substitution mutation for a spleen necrosis virus (SNV)-based retroviral vector in a single cycle of replication was 2 x 10-5 substitution per bp per cycle (13) .
We designed a system to determine the in vivo forward mutation rate for a single retrovirus replication cycle. In addition to substitutions, frameshifts, and mutational hotspots, we unexpectedly encountered two proviruses that had 15 base-pair substitutions in a 930-bp region. We call the process by which individual proviruses acquire several mutations in a single replication cycle hypermutation, and we suggest that such hypermutant proviruses arise through the action of error-prone polymerases, which themselves arise as a result of errors occurring during transcription or translation.
MATERIALS AND METHODS
Plasmid Construction. Retroviral vector plasmids pVP212 and pVP232 were constructed with DNA fragments taken from pUC19, pMC, and JD215 (14) (15) (16) tTo whom reprint requests should be addressed.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. Cells, Transfection, and Infection. D17 cells and .2G helper cells were grown as previously described (16) . Transfections were preformed by the dimethyl sulfoxide/Polybrene procedure as described (18) . Virus harvesting and virus infections were performed as described (19 (21) .
The experimental approach is described in Fig. 1 tMutant isolates containing identical sequences are presented on the same line. tD5 (mutant no. 6) was phenotypically blue; the deletion mutation was identified through restriction mapping and DNA sequencing.
Therefore, this mutation was not used in the calculation of the mutation frequencies. §The average mutation frequency represents a weighted average with a standard error of 0.4 x 10-3 mutant per cycle.
pool of target cells, indicating that clonal amplification had occurred during expansion of target cell pools. It is also likely that up to 2-fold amplification occurred during propagation of cloned proviruses in E. coli prior to plating on kanamycin plates (data not shown). In any case, all proviral clones that were recovered from the same pool of target cells and contained identical mutations were probably a single mutational event rather than a mutational hotspot and are presented on the same line in the tables.
Classification of Mutations and Determination of Forward
Mutation Rates. Six different base-pair substitutions (S1-6), all transitions, were detected ( Table 2 ). All base-pair substitutions resulted in a change in the amino acid codon within the lacZa open reading frame, and in two cases (S2 and S5), they resulted in an in-frame translational stop codon. S3 and S4 mutant proviruses were recovered from different pools of clones; nevertheless, they both contained the same T-to-C change, indicating that this position may be a mutational hotspot for base-pair substitutions. The overall base-pair substitution rate was 7 x 10-6 substitution per bp per cycle. Hypermutated proviral plasmid clones (H1) exhibited 15 base-pair substitutions in a stretch of 930 base pairs. The rate of hypermutation over this stretch of nucleotides was 2 x 10-2 substitution per bp per cycle, indicating a 10,000-fold higher rate than the average substitution rate of 7 x 10-6 substitution per bp per cycle. Five frameshift mutant proviruses (F1-F5) exhibited either + 1 or -1 frameshifts in runs of identical nucleotides ranging in size from two to five nucleotides. The rate of frameshift mutation was 1 x 10-6 per bp per cycle. Analysis of the frequencies of runs of identical nucleotides and the frequencies of mutations found in the runs of each length suggested that there was a 4-fold increase in mutation frequency with each nucleotide increase in the length of the nucleotide run (data not shown).
Hypermutation in the lacZa Gene and in the SNV LTR U3 Regions. The two plasmid clones (90, 91) that were found to contain 15 identical base-pair substitutions over a stretch of 930 bp very likely resulted from clonal expansion of a single mutant provirus. All 15 substitutions in the hypermutant proviruses were G-to-A transitions; 8 of these substitutions preceded an A residue, and the remaining 7 were in runs of 2 to 4 G residues (Fig. 2) . At two separate locations, two adjacent G residues were replaced by two A residues. One of these adjacent substitutions was located within the polypurine tract, two nucleotides 5' ofthe beginning of the U3 region of the 3' LTR.
Four substitutions in the hypermutant proviruses occurred within the open reading frame of the lacZa gene. Three of these resulted in a change in the amino acid encoded by the triplet (Arg to Cys, Pro to Ser, and Ser to Phe). Any one of these substitutions could have led to the light-blue colony phenotype that allowed identification of the hypermutated proviruses. The fourth substitution was a silent mutation.
The 930-bp stretch in which these substitutions occurred extended through most of the U3 region of the 3' LTR, ending 65 bp upstream of the U3-R junction. No other mutations were found in the nucleotide sequence of the entire 4.7-kilobase (kb) hypermutant proviral plasmid (data not shown).
The two copies ofthe hypermutant proviruses contained 30 of the 41 substitutions identified in this population of proviruses. Two of the 13 proviruses that contained substitutions in this population were hypermutant proviruses. , and the boundaries of the U3 sequence of SNV LTR (thin arrows below sequence) are shown. Nucleotide positions of base-pair substitutions (letters above the sequence), +1 frameshifts (letters with v above the sequence), -1 frameshifts (v below the sequence), deletions, and deletions with insertions (solid arrows below the sequence adjacent to deletion names; D1-D5 = deletions; DI1-D14 = deletions with insertions), and substitutions in hypermutant proviruses (circled letters above sequence) are indicated. Deletions and deletions with insertions are discussed in the following paper (22) . PPT, polypurine tract; U3, unique 3' region of SNV LTR; R, direct repeat region of SNV LTR.
Runs of Nucleotides and Direct Repeats Are Mutational Hotspots. All frameshift mutations identified involved runs of identical nucleotides, suggesting that nucleotide runs were hotspots for frameshift mutations (Table 2) . We tested this hypothesis by analyzing the two A9 and T10 runs (A9 and T10) present in the vectors by direct sequencing (see Fig. 3 ).
The A9 runs were located within a direct repeat of 110 nucleotides, constituting the transcriptional terminator of the Fd phage (Fig. 3A) . Mutations within the direct repeats did not affect the structure or the amount of the lacZa peptide, and they were regarded as unselected mutations. The F1 repeats of 34 proviral clones of mutant or wild-type phenotype were sequenced. Of these, 14 clones contained only a single 110-nucleotide repeat, indicating that deletion of one direct repeat occurred in 41% of the proviral clones. It is possible that these deletions occurred as a result of template misalignments during DNA synthesis as described in the following paper (22) . Three of the 14 deletion mutants containing a single direct repeat had A10 rather than the parental A9. The shift from A9 to A10 could have occurred through a frameshift event during DNA synthesis. It is also possible that the A9 to A10 shift and the deletion of one copy of the direct repeat were causally linked. The template misalignment that led to the deletion could have occurred within the A9 runs, but with a +1 misalignment, which in turn could have led to the A9 to A10 shift.
Nucleotide sequence analysis of the F1 direct repeats of the remaining 17 proviral clones which retained both copies of the direct repeat indicated that the frequency of frameshift was 17% (6/34).
The T10 runs present in the SNV LTR were also analyzed by direct sequencing (see Fig. 3B ), and they exhibited a frequency offrameshift of 42% (16/38) . This difference in the frequency of frameshifts was probably the result of the increase in the length of the runs from 9 to 10.
It should also be noted that the frameshifts in A9 differed qualitatively from the frameshifts in T10. Only + 1 frameshifts were found in A9, whereas all but one frameshift event in T10 were -1 frameshifts.
DISCUSSION
We describe a system to study in vivo forward mutations after a single round of retroviral replication. This study was Kunkel and coworkers (6) found that HIV reverse transcriptase was much more prone to cause frameshift mutations in runs than the AMV reverse transcriptase during in vitro DNA-dependent DNA synthesis. The SNV reverse transcriptase appears to be more like the HIV enzyme than the AMV enzyme in its tendency to generate frameshift mutations. We found that the A9 run that is a part of a direct repeat gave rise to a high frequency of +1 frameshifts, whereas a T10 repeat in the SNV LTR R region primarily gave rise to -1 frameshifts. It is possible that the sequence context, which has been shown to be important in the mutation frequency in different runs, is involved (6) . It is also possible that the fact that the A9 is within a direct repeat played a role Two transition mutations were found in T10. These transition mutations could have occurred by the previously proposed mechanism of template misalignment (23) . Assuming that misalignments were involved, the T8 (T-to-C) transition mutation occurred during plus-strand DNA synthesis, creating a CTCT direct repeat at the end of a T8 run. Similarly, the T11 (C-to-T) transition mutation occurred during minus-strand DNA synthesis, creating a C-to-T change at the beginning of the T10 run. Another possibility is that the T10 run had a higher frequency of mutations because it was involved in the first strand transfer, which is essential for retroviral replication, and because misalignments during the strand transfer events lead to a greater frequency of mutations. This possibility would require that first strand transfer occurred before synthesis of the 5' R region was completed.
The results presented here and the results of others (29) suggest that reverse transcriptase is an enzyme with low processivity; the affinity of the enzyme for the template may be low in comparison to other DNA polymerases. This property is perhaps necessary for an enzyme that participates in the strand transfer steps essential for viral replication.
